1996) or chronic radiation exposure (Chang et al., 1997b) . However, little has been reported on the life span of lymphoTo assess DNA damage remaining in peripheral lymphocytes with micronuclei. In individuals who had received acute cytes, 48 individuals were evaluated twice for lymphocyte high-dose radiotherapy, CBMN frequencies were observed to micronucleus frequencies by the cytokinesis-blocking decline significantly, i.e. they decreased to 57 Ϯ 10% in cytochalasin B (CBMN) analysis post relocation from radio-12 months in 11 patients (Fenech et al., 1990) . This was similar contaminated apartments after various periods of time.
to a separate observation in which unstable chromosomal The frequencies of CBMN at the first evaluation were aberrations disappeared from the peripheral blood in Ͻ3 years, significantly higher than those at the second examination or decreased by 50% in 12 months (Buckton, 1983) , or by (Chang et al., 1999c). These individuals were categorized 90% in 4 years in patients with X-irradiation for ankylosing into three groups: those with cumulative exposure of >300 spondilitis (Buckton et al., 1978) . The unstable chromosomal mSv (defined as high exposure, HDose), those with 100-aberrations were further observed following a two-term expo-300 mSv (MDose) and those with <100 mSv (LDose). Using nential function (Ramalho et al., 1995) to show a rapid decline the Poisson mixed-effect model (Little et al., 1996), the before 470 days and a slower decline beyond 470 days post estimated mean CBMN frequencies (‰) for individuals in exposure, respectively. This bi-phasic curve of decrease was HDose, MDose and LDose exposure categories when they also observed in dicentrics of T cell subsets and was suggested had only recently relocated were 21.8, 17.6 and 15.4, to be caused by a differential rate of disappearance in CD45RO respectively. The estimated mean duration post relocation (memory cells) and CD45RA cells (naive cells; Michie et al., for the CBMN frequencies of these individuals to reduce 1992; McLean and Michie, 1995) . to 10.2, the second CBMN frequency, on average, was Previously, we repeatedly evaluated 48 subjects with chronic 47.5, 37.2 and 28.3 months in the three exposure groups, low-dose γ-radiation exposure for their CBMN frequencies respectively. The rates of change in CBMN frequencies after they relocated from radio-contaminated buildings. They were shown to be significantly higher in the HDose group were shown to have a significant decrease in CBMN frequency than in the MDose and LDose groups. The results suggested after 26.2 months (Chang et al., 1999c) . Moreover, the decrease a characteristic dose-dependent decline in the CBMN in the proportions of binucleates (BNs) with multiple frequencies in the exposed population post cessation of micronuclei was significantly faster than those with a single chronic low-dose ionizing radiation exposure.
micronucleus. In order to understand the physiological changes of lymphocytes with various cytogenetic damage in vivo, we further evaluated factors relating to the decreased CBMN Introduction frequencies in the same individuals in this study. More importBy the end of 1998, more than 180 civilian building complexes antly, the correlation between the decline in the CBMN in Taiwan had been identified as having, since early 1983, frequencies and those of previous cumulative exposure were steel rods contaminated with excessive levels of 60 Co (Chang further evaluated. et al., 1997a) . As these contaminated buildings-a total of more than 1800 contaminated apartments and school classrooms-were not disclosed until mid 1992, over 10 000
Materials and methods people were assumed to have been exposed to low-dose rate Sampling the exposed population γ-radiation on a daily basis for 2 to Ͼ15 years  Forty-eight residents in 18 families with various doses of excessive exposure Chang and Kau, 1993; Chang et al., 1997a; Chang, 1999c) .
were enrolled into this prospective cohort study (Chang et al., 1999c) . Soon
The exposure dose-rate was estimated to range from 0.7 to after they were informed of the contamination (during 1993 and 1994) they 150 mSv per year (Cardarelli et al., 1997) and on average were advised to move from their apartments. Around 9.0 Ϯ 6.0 months after much higher than the 1 mSv per year recommended by the they relocated from the radio-contaminated apartments, they received the first CBMN assay. Between 1996 and 1997, 26 .2 Ϯ 8.4 months after the first ICRP-60 (ICRP, 1997) . evaluation, they were recalled and re-evaluated for the second CBMN assay.
Previously, the cytokinesis-blocking cytochalasin B (CBMN)
After giving informed consent, we gathered each individual's detailed personal frequencies for 71 exposed individuals who once lived in information, including medical and smoking history, time and age when they contaminated apartments in Ming-Shan Villa were significantly moved in and relocated from the radio-contaminated apartments and the relocation time (RT), i.e. the duration between moving out of the radiogreater than those sex-and age-matched non-exposed reference contaminated apartments and the CBMN analysis. The cumulative doses of cells, respectively. The second set of CBMN frequencies in exposure for each individual were reconstructed using the Taiwan Cumulative three exposure groups were 9.2 Ϯ 3.4, 11.4 Ϯ 6.3 and 9.7 Ϯ 5.1 Dose (TCD) Program, which incorporates information on time of exposure per 1000 binucleated cells, respectively. The mean CBMN and environmental radioactivity in living spaces for each exposed individual frequencies of these 48 individuals in the first and the second (Cardarelli et al., 1997; Hwang et al., 1998 lower than those of the first evaluation in the same individual completely defined, serum-free culture medium HL-1 (BioWhittaker), 10%
(P Ͻ 0.0001).
fetal bovine serum (Hyclone), 10 µg/ml phytohaemagglutinin-p (PHA-P), 1%
The estimates for the fixed effects in the Poisson mixedpenicillin and streptomycin. The stimulated T lymphocytes were incubated effects model are shown in Table III . The α variables for with cytochalasin-B (6 µg/ml; Sigma) from 44 to 72 h after cellular cultivation, LDose, MDose and HDose are to estimate the effect of fixed with methanol and acetic acid (10:1), stained with 6% Giemsa and scored under the criteria as described previously (Chang et al., 1996 (Chang et al., , 1997b cumulative exposure and the β variables of RTϫLDose, 1999c are the estimated CBMN frequencies when the subjects only response data and uses the log transformation for the expected value of for the mean CBMN frequencies of the exposed individuals linear model by including random effects specially for studying correlated to decline to 10.2‰-the average CBMN frequency of all data (Chen et al., 1995; Chang et al., 1999a) . The coefficients, α 0 , α 1 , α 2 , individuals at the second CBMN evaluation-were 47.5, 37.2 β 0 , β 1 , β 2 , γ 1 , γ 2 , γ 3 and γ 4 are fixed effects with the intercept of three exposure and 28.3 months in the three exposure groups, respectively. groups and relocation time of three exposure groups, and covariates, SEX, SMOKE, AGE, and the interaction of RT and AGE. The coefficients, α 0 , α 1 ,
The duration for the CBMN frequency to decline to 10.2‰ α 2 , β 0 , β 1 and β 2 are random effects with the intercept of three exposure was significantly shorter for the HDose group than for the groups and covariates, RT of three exposure groups. Estimates of these LDose group (P value Ͻ 0.05).
coefficients can be obtained using the computing procedure GLIMIX macro available in the SAS statistical package (Little et al., 1996) .
Discussion

Results
The CBMN frequencies in the 48 exposed subjects at the first CBMN evaluation were significantly higher than at the second Distribution of sex, smoking habits, age, dose of cumulative exposure, RT, duration between each individual's two evalu-CBMN evaluation in these same individuals (Table II) . This suggests that chronic protracted low-dose radiation exposure ations and the CBMN frequencies in these two evaluations are illustrated in Tables I and II . The 48 individuals were categorincurred increased genetic damage in these individuals and the genetic loading shown as CBMN frequencies in the same ized into three groups to better evaluate dose effect. The first set of CBMN frequencies in three exposure groups were individual apparently decreased once they relocated. Four individuals exhibited slight increases in CBMN frequencies 17.9 Ϯ 8.1, 21.1 Ϯ 8.8 and 21.6 Ϯ 12.2 per 1000 binucleated Table I . Gender, age at the second examination, cumulative exposure, duration of exposure, annual average exposure, duration between relocation and the first CBMN evaluation (RT), duration between each individual's two evaluations and the CBMN frequencies in these two evaluations in three exposure groups for 48 exposed subjects during this period, including three male subjects who had who smoked a high number of cigarettes per day were shown to have significantly elevated CBMN frequencies compared smoked more than two packets of cigarettes per day for Ͼ10 years and did not stop smoking post relocation. Individuals with those of low-level smokers (Fenech, 1993) . Other laborat-not significantly associated with the decline rate in CBMN frequencies. This might be caused by several factors. The CBMN frequencies were shown to increase by 3.4% per year by conventional assay and by 2.2% via CB assay (Huber et al., 1989) . In a similar approach, the relationship between age and the CBMN frequency was suggested to be: Y ϭ 0.715ϫAGE (in years) -1.411 (Fenech, 1993) . The coefficient of the age response in this model (Table III) was negative and suggested that older subjects carried a minor change in CBMN frequencies compared with younger subjects. However, the decrease in CBMN frequencies post relocation from a radioactive environment in these subjects was significantly more rapid than the age-dependent increase in CBMN frequencies. It is likely that the age-dependent decline was masked by other factors. Moreover, the range of age distribution in this study was not wide enough to affect the decline in CBMN frequencies. This might explain why age was not more significantly associated with the change in CBMN frequencies than cumulative exposure. Different decline slopes in these CBMN frequencies in the three exposure subgroups were further observed (Table III and Figure 1 ). Interestingly, those with the highest exposure were shown to have the fastest decline, followed by the medium and the low exposure groups. This was similar to that seen in patients with high or moderate doses of radiotherapy (Ͼ0.2 Gy) in which the frequencies of aberrations fell to~5% of the initial frequencies 7.5 years after exposure (Ramalho et al., 1998) . But the individuals whose absorbed doses were Ͻ0.2 Gy were shown to have a much slower decrease in aberration frequency. Based on the model approach, individuals with higher exposure were shown to have higher CBMN frequencies when they had only recently relocated, and also to have the have previously observed that BNs with multiple micronuclei were demonstrated to decline from peripheral circulation significantly faster than those BNs with a single micronucleus (Chang et al., 1999c) . We assume that subjects with higher exposed individuals for the repeated CBMN frequencies exposure carried higher CBMN frequencies and, seemingly, Effect Estimate SE t Pr Ͼ |t| carried more multi-micronuclei BN just before they relocated (Figure 1 ). The rapid decline in these multi-micronuclei BNs Nonetheless, all the exposed subjects in this study were or micronuclei had less of a sharp decline at certain months γ 1 ϫSEX ϩ γ 2 ϫSMOKE ϩ γ 3 ϫAGE ϩ γ 4 ϫRTϫAGE a P value Ͻ 0.05; LDose, MDose and HDose are three dummy variables post irradiation (Fenech et al., 1990; Buckton et al., 1978;  indexing individuals with Ͻ100, 100-300 mSv and Ͼ300 mSv exposure, Ramalho et al., 1995) . Moreover, the exposed individuals in respectively, with α 0 , α 1 , α 2 , β 0 , β 1 , β 2 as the parameter estimates.
this study were evaluated for their first CBMN frequencies on average 9 Ϯ 6 months (mean Ϯ SD) after they relocated from the radio-contaminated environment. It has been demonstrated ories have also reported significant increments in CBMN frequency related to smoking (Tomanin et al., 1991;  Duffaud that the half-life for the disappearance of circulating lymphocytes with dicentrics was longer at a later post-exposure time et al., 1999) . Smoking habit may partly explain the increase in the CBMN frequencies observed in these three male subjects.
than at an earlier post-exposure time (Bauchinger et al., 1989) . Due to the long half-life of lymphocytes with micronuclei-like Age is an important factor associated with CBMN frequency. Micronuclei have been shown to increase in number with age changes, the slower decline in CBMN frequencies in these exposed subjects could have been in an even later or plateau (Huber et al., 1989; Fenech, 1993) . However, our data indicated that sex, age at the second CBMN assay and smoking were phase.
Furthermore, the annual average exposure in these subjects they could be eliminated by apoptosis (Abend et al., 1995 higher proportions of centromeric signals in the micronuclei Cornforth,M.N. and Goodwin,E.H. (1991) Transmission of radiation-induced in these exposed subjects (Chang et al., 1999b exposure to X-and γ-rays (Thierens et al., 2000) . However, (1994) Human micronucleus counts are correlated with age, smoking, and acute and relatively high radiation exposure tended to generate cesium-137 dose in the Goiania (Brazil) radiological accident. Mutat. Res., higher proportions of acentric fragments than whole lagging 313, 57-68. chromosomes included in micronuclei (Fenech and Morley, Duffaud,F., Orsiere,T., Digue,L., Villani,P., Volot,F., Favre,R. and Botta,A.
(1999) Micronucleated lymphocyte rates from head-and-neck cancer patients.
1989; Littlefield et al., 1989; Cornforth and Goodwin, 1991; Mutat. Res., 439, 259-266. Weissenborn and Streffer, 1991; Miller et al., 1992) . This taining whole chromosomes in subjects with previous exposure
Mutat. Res., 161, 193-198. Fenech,M. and Morley,A.A. (1989) Kinetochore detection in micronuclei: an to chronic low-dose γ-rays and could partly explain the longer alternative method for measuring chromosome loss. Mutagenesis, 4, 98-104. circulation duration observed in this study. high-dose radiation exposure should provide further perspect- Mutag., 19, [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] ives on biological monitoring for human population studies. 
